ABSTRACT The fault-tolerant generator is widely adopted in high-reliability applications. This paper comprehensively investigates the fault-tolerant performance of a five-phase 20/16-pole single armaturewinding doubly salient brushless dc generator (SAW-DSBLDCG) and a three-phase 12/8-pole dual armaturewinding DSBLDCG (DAW-DSBLDCG). The two generators are connected to half wave rectifiers. The configurations, the principles, and the characteristics of fault-tolerance for two generators are analyzed. Comparisons in terms of the no-load and load characteristics of three-phase DAW-DSBLDCG with normal and open-circuit faults, the output voltages, powers, and magnetic flux density distributions of the two generators are conducted using finite element method, and the armature reaction characteristics under fault conditions are analyzed. The results show that the three-phase DAW-DSBLDCG has higher power density than the five-phase SAW-DSBLDCG under normal and fault conditions. A prototype three-phase 12/8-pole DAW-DSBLDCG is developed, and the simulation and experimental results show that the three-phase DAW-DSBLDCG with hybrid half-wave rectifier structure has high fault-tolerance ability.
I. INTRODUCTION
Fault-tolerant generation technology is highly important for high-reliability applications, such as safety-critical aerospace or offshore wind turbines, and fault-tolerant machines have received wide attention over the last decade [1] - [3] . The fault-tolerance of permanent magnet brushless machines with magnets and windings in stator (so-called stator-PM machines) has attracted increasing attention in the past decade because of its definite advantages, including robust structure, high power density and high efficiency [2] .
The doubly salient PM (DSPM) machine and the fluxswitching PM (FSPM) machine are both classified as stator-PM machines with doubly salient structures. In [4] , the remedial torque-equivalent brushless ac operation is proposed for fault-tolerant DSPM motor drives when the opencircuit fault occurs. In [5] , a fault-tolerant FSPM machine drive topology is presented for a dual winding motor supplied from two separate vector-controlled voltage-sourced inverter drives, which is able to operate during open-and shortcircuit winding and converter faults. The redundant winding configuration and corresponding suitable control strategy are proposed for a fault-tolerant operation of FSPM machine in critical applications [6] . A novel stator geometry is adopted to provide excellent magnetic and physical isolation between the phase coils and maintain an acceptable torque density [7] . In [8] , the phase windings are physically isolated to each other by the middle teeth of E-shaped cores and the field windings wounded around the middle teeth are used to regulate air-gap flux in the proposed fault-tolerant FSPM machine.
However, DSPMs and FSPMs both have several disadvantages, such as relatively high cost, uncontrollable PM flux and possibility of irreversible demagnetization of PMs at high temperature due to PM materials. When DSPMs or FSPMs operate as generators, the output voltage is not convenient to regulate, especially in case of faults. Because of the low cost and flexible on-line adjusting the flux linkage capacity, the non-PM machines are currently investigated extensively.
Doubly salient brushless dc generator (DSBLDCG) is a new type of reluctance machine, and its field flux is provided by the DC field windings instead of the PMs [9] - [20] . A DSBLDCG can operate as a brushless DC generator without the rotor position sensor, with only a simple rectifier connected to the armature windings. The output voltage can be easily adjusted by regulating the DC field current. In previous papers, several structures of DSBLDCGs have been studied to improve the performance, such as two-section twisted-rotor structure for reducing torque ripple [9] , sensorless control methods [10] , [11] , increasing power density [12] - [15] , and iron loss calculation [16] . In [17] , the DSBLDCG is connected with a parallel structure of single-phase full-bridge rectifiers; the potential fault-tolerance ability is verified by no-load and load simulation and experiments. In [18] , a fivephase fault-tolerant doubly salient electromagnetic generator is presented and the open-circuit faults and short-circuit fault are analyzed by simulation and experiment. The potential fault-tolerance capability is demonstrated. In [19] , the phase asymmetry problem of the traditional five-phase DSBLDCG is solved by winding field coils approximately 1-4 stator poles. In [20] , a three-phase DAW-DSBLDCG is proposed and the electromagnetic characteristics are studied. However, the fault-tolerant characteristics are not mentioned.
The contributions of this paper are as follows: first, the fault-tolerant characteristics of the three-phase DAW-DSBLDCG are researched and compared with the five-phase 20/16-pole single armature-winding DSBLDCG (SAW-DSBLDCG). The configurations and the principles of fault-tolerance of the two DSBLDCGs are investigated and presented. On this basis, the performance of the threephase DAW-DSBLDCG in terms of flux linkage, winding terminal voltage and output voltage, self-inductances, armature reaction characteristics and power with normal and open-circuit faults are analyzed in detail. The commutation overlap angle and commutation voltage loss with opencircuit faults are deduced. The output voltages and powers of three-phase DAW-DSBLDCG with normal and open-circuit faults are investigated comparatively with those of five-phase SAW-DSBLDCG. In addition, a prototype of three-phase 12/8-pole DAW-DSBLDCG are designed and developed, and experimental results are given to verify that the topology possesses good fault-tolerant ability and can be used in high-reliability applications. To describe the two generators clearly, the five-phase 20/16-pole SAW-DSBLDCG is defined as DSBLDCG1, and the three-phase 12/8-pole DAW-DSBLDCG is defined as DSBLDCG2.
This paper is organized as follows. In Section II, the configurations and the principles of fault-tolerance of two DSBLDCGs are investigated and presented in detail. Next, the no-load operation of DSBLDCG2 with normal and faults based on 2-D finite-element method (FEM) is introduced in Section III. In Section IV, the loading electromagnetic performance of DSBLDCG2 with normal and faults is performed. Section V provides the experimental verification of faulttolerant performance for DSBLDCG2. Finally, the conclusions are presented in Section VI.
II. PRINCIPLE OF FAULT-TOLERANCE OF DSBLDCG
For the fault-tolerant DSBLDCG, the minimum electrical, magnetic and thermal coupling between phases are required. It has been determined that the DSBLDCG can offer a degree of fault-tolerance. The machine may maintain the same or comparable performance under open-circuit faults as that in the healthy state. The machine remains safe without any catastrophic damage when short-circuit fault occurs by cutting off the field current. Regarding DSBLDCG, the output voltage is regulated by field current. As a result, the faulttolerant capability is obtained by designing the structure of generator.
The flux linkage of the motor is
Using the finite-element method (FEM), the flux linkages of two DSBLDCGs at no load are shown in Figs. 1(a) and (c). The induced voltage is
The induced voltages of two DSBLDCGs at no load are shown in Figs. 1(b) and (d). For DSBLDCG1, the structure and the spread diagram of windings are shown in Figs. 2(a) and 2(c). According to Fig. 1 (b) , the adjacent phases can be interaction backup. The structure of DSBLDCG1 is designed to ensure that when one phase windings encounters open-circuit fault, the load can also be supplied by the adjacent phase, and the generator VOLUME 6, 2018 can still supply the qualified power to the load. Therefore, DSBLDCG has the complete capacity of fault tolerance. DSBLDCG2 has two sets of armature windings in each stator pole. The cross-section and spread diagram of windings are shown in Figs. 2(b) and (d), respectively. The rectifier topology commonly adopted by DSBLDCG1 is the half-wave rectifier (HWR) as shown in Fig. 3(a) . The rectifier topology adopted by DSBLDCG2 is the hybrid half-wave rectifier (HHWR), as shown in Fig. 3(b) ; the HHWR is composed of two parallel half-wave rectifiers. For open-circuit faults of B2, C1 will supply the load. DSBLDCG2 also has the capacity of fault tolerance. The five-phase SAW-DSBLDCG and three-phase DAW-DSBLDCG are compared based on the same air-gap diameter, stator outer diameter, field currents and rotating speed. The main parameters are listed in Table 1 . To maintain the rated output voltage, the turn numbers of the armature windings are different according to the different electromagnetic characteristics of two generators with different rectifiers. DSBLDCG1 has higher armature current density than DSBLDCG2 under the same slot fill factor. The no-load and load fault-tolerant characteristics of DSBLDCG1 under the normal and fault conditions have been analyzed in [18] . Therefore, only the no-load and load characteristics of DSBLDCG2 under the normal and fault conditions are analyzed in detail in the following. Afterwards, the results are compared with those of DSBLDCG1.
III. NO-LOAD OPERATION OF DSBLDCG2
For the DSBLDCG2 with HHWR, the field current is 5 A, and the speed is 3600 rpm. The normal simulation output voltage without filtering and induced voltages are shown in Fig. 4 The no-load output characteristics in the normal and fault conditions for DSBLDCG1 with HWR and DSBLDCG2 with HHWR are shown in Figs. 3 (c) and (d), respectively. The curves show that when the field current is small, the difference between no-load output voltages of faults and normal is small because the flux field is not saturation. Because of the deep saturated core, the average output voltages reduce slightly as the field current increases. The output voltage ripple can be expressed as [17] where the v omax , v omin and v oavg are the maximum, minimum and average values of output voltages, respectively. windings, as shown in Table 2 , when open-circuit fault with A and E of DSBLDCG1 occurs, the output voltage is the smallest, and the voltage ripple is the largest in all faults, similar to the open-circuit fault with A2 and B1 of DSBLDCG2. Regarding DSBLDCG1, the output voltage ripples with normal and faults increase as the field current increases because the flux linkage waveforms are more asymmetrical due to the core saturation. However, the output voltage ripples of DSBLDCG2 with normal, open-circuit faults with windings A2 and C1 and windings A2 and B1 decrease slightly when the field current is 7 A because the flux linkage of six sets of windings are more symmetrical due to the core saturation. The output voltage ripples of DSBLDCG2 are all greater than those of DSBLDCG1 in one electrical cycle under the normal and same fault conditions. Because the same rectification mode is adopted by five sets of armature windings of DSBLDCG1, the symmetry of five induced voltages is better than that of DSBLDCG2.
IV. ANALYSIS ON THE LOADING OPERATION OF DSBLDCG2
The loading simulation in terms of flux linkage, output voltage, winding terminal voltage, winding current and self-inductance under normal and fault conditions have been performed for DSBLDCG2; the waveforms are shown in Figs According to the directions of the field current and armature current, the flux-enhancing armature reaction is produced by the currents in A2, B2 and C2, and the fluxweakening armature reaction is produced by the currents in A1, B1 and C1. The mutual inductances between two sets of windings in the same stator pole are greater than the selfinductances of A1, B1 and C1. As a result, the flux linkages of DSBLDCG2 are different from those of DSBLDCG1. The flux linkage is produced by magnetomotive force of field and armature windings. However, the two sets of windings in the same phase will not output the load current at the same time, and the mutual inductances L A1A2 , L B1B2 and L C1C2 have less influence on the output voltage. The output voltage of HHWR by ignoring the winding resistance and diode drop can be expressed as [17] where i o is the load current, and Z is the load resistance.
As there are three sets of windings at most supplying currents to the load at the same time, P1 and P2 represent two different working windings at present. u p1 is the terminal voltage of P1, e fp1 is the winding voltage induced by field windings, i p1 and i p2 are the winding currents of P1 and P2, respectively, L p1 is self-inductance of P1, and L p1p2 is the mutual inductances between P1 and P2.
A. NORMAL
In the interval of [t 1 , t 2 ], the rotor poles are slipping off the stator pole of phase A. The B1, C1 and A2 output currents to the load, and the absolute value of the B1's, C1's and A2's voltages are the same. The current of C2 decreases from nearly a maximum value, and the currents of B1 and A2 increase from nearly a minimum value. The current of C2 reduces to zero near the instant t 2 . The current of A2 increases as its self-inductance decreases. Conversely, the current of B1 increases with its self-inductance increasing. 
where e fA2 , e fB1 and e fC1 are the induced voltages of windings A2, B1 and C1, respectively. i A2 , i B1 and i C1 are the armature currents of windings A2, B1 and C1, respectively. The current rates of change for B1 and C1 can be expressed
As the current of winding B1 is falling from i o1 to zero, the commutation time is
As the current of winding C1 is rising from zero to i o2 , the commutation time is
where ψ A2 , ψ B1 and ψ C1 are the flux linkages of winding A2, B1 and C1, respectively. ω is the angular velocity. Thus, the commutation overlap angles of the periods [t 2 , t 3 ] and [t 3 , t 4 ] are
The approximate commutation voltage losses of the periods [t 2 , t 3 ] and [t 3 , t 4 ] are (14) where X B1 and X C1 are the reactance values of windings B1 and C1, respectively. X B1A2 and X C1A2 are the mutual reactance values between winding A2 & B1 and A2 & C1, respectively.
B. OPEN-CIRCUIT FAULT WITH A2
When open-circuit fault with A2 occurs, the current i A2 is zero. The flux linkages of A1 and A2 change significantly under normal condition. The flux-weakening armature reaction plays a dominant role in the phase A. The rise times of the flux linkages of A1 and A2 are longer than the fall time because of magnetomotive force produced by the current of A1. Therefore, for A1, the electrical angle of negative induced voltage is greater than the positive one, and the amplitude of the negative induced voltage is smaller than the positive one. The currents of B1 and C1 will increase significantly compared with normal operation because no-fault windings B1 and C1 must supply more current to maintain the slightly declined output current, which are supplied by three sets of windings of A2, B1 and C1 in the normal operation. The winding currents of open-circuit faults with two sets of windings are also analyzed. Compared with the normal condition, there are three periods covering the A2, C1 and B1 working periods. In the period of [t 2 , t 3 ], only B1 and C1 supply to the load, and the state equation is
As the current of winding B1 is falling from i o3 to zero, the commutation time is
Thus, the commutation overlap angle is
The approximate commutation voltage loss is
In the period of [t 2 , t 3 ], B1 and C1 both supply power to the load. The free-wheeling time of B1's current is longer than that of no-load condition. At the period of [t 3 , t 4 ], B2 and C1 both supply power to the load. The commutation voltage loss is smaller because windings B1 and C1 supply power to the load instead of C2.
C. OPEN-CIRCUIT FAULT WITH A2 AND C1
When open-circuit fault with A2 and C1 occurs, the winding currents of i A2 and i C1 become zero. The maximum flux linkage values of B1 and B2 reduce slightly because the effect of mutual inductances (L A2B1 L A2B2 L C1B1 L C1B2 ) becomes weaker. The flux-weakening armature reaction plays a dominant role in phase A, and only the flux-enhancing armature reaction is in phase C. The rise time of flux linkage of C1 and C2 is shorter than fall time because of the magneto motive force produced by current of C2. Therefore, for C2, the electrical angle of negative induced voltage decreases than the positive one, and the amplitude of negative induced voltage is becoming greater than the positive one. The currents of B1 and B2 increase significantly in comparison to the normal operation. At the period of [t 2 , t 3 ] and [t 3 , t 4 ], only B1 and B2 supplies power to the load, respectively. At the periods of [t 2 , t 3 ], the state equation is
As the current of winding B1 is falling from i o4 to zero, the commutation time is
The commutation voltage loss is large because only winding B1 supplies power to the load instead of C2.
D. OPEN-CIRCUIT FAULT WITH A2 AND B1
When open-circuit fault with A2 and B1 occurs, the winding currents of i A2 and i B1 become zero. As in the above analysis, the maximum flux linkage values of C1 and C2 reduce slightly 
As the current of winding C1 is rising from zero to i o5 , the commutation time is
The commutation time and overlap angle decrease than those of the other two fault conditions. However, in the period of [t 2 , t 3 ], the current of C1 is rising from zero, the average The maximum powers of the two DSBLDCGs with different field currents under normal and fault conditions are shown in Tables 4 and 5 Furthermore, for all of the fault-tolerant DSBLDCGs, the voltage reduction can be compensated by increasing the field current.
V. EXPERIMENTAL VERIFICATION OF FAULT TOLERANCE FOR DSBLDCG2
A DSBLDCG2 with HHWR prototype, the stator and rotor iron cores of which are comprised of laminations of DW310, is designed and tested at 3600 r/min. The generator and its test rig are shown in Figs. 8 (a) and (b) . The basic parameters are listed in Table 1 . The output voltage at no-load with different field currents under normal and fault conditions are shown in Fig. 8 (c) . The data obtained from the simulation agrees well with those from the experiments under no-load operations.
The terminal voltages of A2, B2 and C2 and the output voltages under four conditions are shown in Figs The experimental and simulation loading characteristics of the DSBLDCG2 under four conditions when the field current is 8 A are shown in Fig. 8 (d) . In these curves, the difference between the experimental and simulation results in the open-circuit fault with A2 and C1 are greater than those in the other three cases. The experimental results are slightly different from the simulated results. The experimental load characteristics under four conditions are much softer than the simulated ones because the temperatures of windings and iron core rise quickly with heavy load in the experiment and the loss increases. 
VI. CONCLUSIONS
The fault-tolerant characteristics of DSBLDCG2 are deduced by theoretical analysis, simulations and experiments. The fault-tolerant performances of DSBLDCG2 are comprehensively investigated.
DSBLDCG1 produces lower output voltage ripple with normal and faults because of the symmetry of five induced voltages. DSBLDCG2 performs different armature reactions in one electrical cycle. With A2 open-circuit fault and A2 and C1 open-circuit fault, the flux-weakening armature reaction plays a dominant role in phase A. With A2 and B1 open-circuit fault, only the flux-enhancing armature reaction is in phase B. The currents of relevant no-fault windings increase significantly compared with normal operation to supply more current to compensate the slightly declined output current. The powers of DSBLDCG2 are higher than those of DSBLDCG1 under normal and faults.
According to the comparison of those two DSBLDCGs in terms of output voltage ripples and powers under three opencircuit faults, the DSBLDCG2 exhibits higher power density and excellent fault tolerant ability. Both of these DSBLDCGs can be used in high-reliability application.
